The Gene Expression Database (GXD) is a community resource for gene expression information in the laboratory mouse. By collecting and integrating different types of expression data, GXD provides information about expression pro®les in different mouse strains and mutants. Participation in the Gene Ontology (GO) project classi®es genes and gene products with regard to molecular functions, biological processes, and cellular components. Integration with other Mouse Genome Informatics (MGI) databases places the gene expression information in the context of mouse genetic, genomic and phenotypic information. The integration of these types of information enables valuable insights into the molecular biology that underlies development and disease. The utility of GXD has been improved by the daily addition of new data and through the implementation of new query and display features. These improvements make it easier for users to interrogate and visualize expression data in the context of their speci®c needs. GXD is accessible through the MGI website at http:// www.informatics.jax.org/ or directly at http://www. informatics.jax.org/menus/expression_menu.shtml.
INTRODUCTION
The completion of the genome sequence of the laboratory mouse has solidi®ed its importance as a model organism for the study of mammalian biology and human disease (1) . To learn more about the function of genes in the mammalian genome, information about where and when the genes are expressed becomes critical for understanding the molecular mechanisms that underlie development and disease. The laboratory mouse is particularly tractable for analysis of gene expression since tissues from all stages of development and many different strains and mutants are readily available. The Gene Expression Database (GXD) has been designed as an open-ended system that can integrate many types of gene-expression data with the biology and genetics of the laboratory mouse (2±7). GXD provides information about both mRNA and protein expression by capturing details of expression from a variety of assays such as RNA in situ hybridization, immunohistochemistry, northern blot, western blot, RT±PCR and cDNA source data. Expression information is standardized by using a hierarchical mouse anatomical dictionary constructed in collaboration with our Edinburgh colleagues (8) , by employing a set of controlled vocabularies describing pattern and level of expression, and by using standard gene, strain and allele nomenclature for recording the ancillary experimental data. The standardized expression information is supported by digitized images of original data linked to the expression records. Through participation in the Gene Ontology (GO) project GXD incorporates functional information about gene products with expression information (9) . GXD is fully integrated with the other databases of the Mouse Genome Informatics (MGI) resource (10, 11) . The MGI resource also provides comprehensive links to external resources such as sequence databases, OMIM, MEDLINE and databases from other model species (12±21). The integration of these large amounts of information puts expression data annotated in GXD in a much larger biological and analytical context. GXD is implemented in the Sybase relational database management system. The database is continuously curated and updates are made available on a daily basis. Users access data primarily by web-based query forms, but direct SQL access to the system is also available via our user support group. GXD and its query interfaces have been described in detail previously (5,7). Here we report recent progress on data content, query capabilities and results visualization.
DATA CONTENT

The Gene Expression Literature Index
The Gene Expression Literature Index is a tool to rapidly ®nd publications with speci®c types of expression information using a variety of parameters. References are indexed with respect to speci®c genes, developmental stages, expression assays and bibliographic information. In addition, we provide the capability to search for text strings that appear in Gene expression data GXD includes data from a variety of assays including RNA in situ hybridization, immunohistochemistry, northern and western blot, RNase protection and RT±PCR experiments. So far, the primary source of these types of expression data in GXD is hand annotation of manuscripts by GXD curators. The data are extracted from the literature and entered into GXD on a daily basis. Curators enter data related to individual assays that are de®ned as the analysis of expression of one gene in one or multiple samples by a speci®c method using a speci®c probe under speci®c experimental conditions.
We also have begun acquiring large sets of expression data from large-scale RNA in situ hybridization screens. In direct collaboration with respective laboratories, a combination of hand annotation and bulk data downloading is used to capture large sets of detailed expression data. An example of this type of data load is from publications describing the expression of mouse genes that are orthologous to genes on human chromosome 21 (22, 23) . These reports contain large amounts of expression information as Supplementary Material that has now been fully integrated into GXD.
GXD also captures expression data that have been analyzed in mutant mice. More than half of the assays in GXD include expression analysis in mutants. As of September 15, 2003, GXD includes 113 862 results from 9561 assays covering expression information for 2827 genes. A signi®cant part of these data represent complex RNA in situ and immunohistochemistry expression patterns. Most of these data are linked to images from primary expression data. Recently we began capturing data from reporter gene`knock-in' experiments.`Knock in' experiments use homologous recombination to place reporter genes into the genome under the control of endogenous gene regulatory elements. These reporter genes are then used as sensitive indicators of gene expression. Knock in' data are captured with respect to the endogenous gene they are used to study and the detection method used to identify the reporter gene: RNA in situ hybridization, immunohistochemistry or direct assay. As the amount and type of data captured by GXD increases, GXD provides a more and more complete representation of gene expression patterns in the mouse.
In addition to hand-curated data, GXD also represents expression information from cDNAs and their source tissues that are obtained in large data downloads. cDNA source information is available from clones available from the IMAGE Consortium, the Riken FANTOM project and the NIA clone sets. In particular, we collaborated with our colleagues from the Mouse Genome Database (MGD), the Mouse Genome Sequence Project and other members of the FANTOM consortium to annotate 60 770 fully sequenced mouse cDNAs (24) . By using a combination of manual curation and computational analysis we were able to group these cDNAs into 33 409 clustered transcription units, to partially characterize and classify these transcription units with regard to GO terms, and to map many of them to the mouse genome sequence (11, 24, 25) . The cDNA source data from these clusters of cDNAs were loaded into GXD and provide an integrated view of the expression patterns of these genes. As of September 15, 2003 
Anatomy
Developmental expression patterns in GXD are described using an anatomical dictionary for mouse development that has been developed by our colleagues from the Edinburgh Mouse Atlas project (8) . The anatomical dictionary is broken down into the 26 Theiler stages for mouse development (26) and lists anatomical terms for each developmental stage in a hierarchical tree. As part of the GXD project, we have recently developed an extensive anatomical dictionary for the adult mouse (http://www.informatics.jax.org/searches/AMA_form. shtml). This ontology is structured as a directed acyclic graph, in which an anatomical term can be represented as a child of more than one hierarchical parent term using`part of' and`is a' relationships. For example, the heart is represented as a part of the cardiovascular system and as a type of (`is a') thoracic cavity organ. Thus, the anatomical dictionary for the adult mouse structures the anatomy both spatially and functionally. Together, the anatomical ontologies for the developmental and adult mouse allow for a robust spatial description of gene activity throughout the life of the laboratory mouse. In addition, the vocabularies can be shared by annotators to describe other areas of mouse biology, for example they can be used in combination with other vocabularies to describe tissue-speci®c biological processes or to describe the phenotypic effects of a mutation on an anatomical structure (27) .
WEB REPRESENTATION
Query forms
The Gene Expression Data query form (http://www. informatics.jax.org/searches/expression_form.shtml) provides access to data from RNA in situ hybridization, immunohistochemistry, northern blot, western blot, RT±PCR and RNase protection experiments. The basic query form has been described in detail previously (7) and can be used to ask complex queries using a variety of search parameters including genes, chromosomal location, tissues, stages of development and the gene function. Recently, we have enhanced the existing`Gene Expression Data Query Form' and we have added an`Expanded Gene Expression Data Query Form' to permit more sophisticated searches. We have added the ability to search for expression information in mutant animals. For example, it is now possible to construct a query such as:`Show Another way to obtain data from an anatomical perspective is to use the Anatomical Dictionary Browser (http:// www.informatics.jax.org/searches/anatdict_form.shtml). This browser permits users to search for and locate speci®c anatomical terms in the dictionary and to scan the anatomical dictionary structure by clicking on terms to expand and contract the vocabulary. For each anatomical structure, a link is provided that will return all of the expression results associated with the structure or its substructures. We have added a feature allowing a re®ned query where speci®c expression results associated with an anatomical structure can be further restricted using criteria found on the regular Gene Expression Data Query Form.
Results visualization
Several enhancements have been made to the visualization of expression data in the MGI database system. For each marker in MGI, a Gene Detail page is available that summarizes the knowledge about the gene. We have added an expression summary to the Gene Detail page that lists the Theiler stages where the gene has been analyzed and gives a summary of the types of expression assays that have been used to study the gene. In addition the number of tissues where gene expression has been studied is displayed. The number is hot-linked to a tissue summary page listing the tissues and results where the gene was found to be expressed or not to be expressed in that tissue. This page in turn links to expression details about the experiment.
We have also made improvements to the results visualization for many of the GXD Query Form returns. The results from the GXD index have been completely reformatted.
Results are now reported in tabular format indicating the number of references associated with expression data for a given assay at a given stage of development. The reference numbers are hot-linked to a reference summary page where each reference can be inspected independently for both index information and full expression data information. Signi®cant improvements have also been made to the gene expression assay results summary page. If results are associated with mutant alleles, then they can be easily identi®ed and the mutant genotype is listed in the summary table. Results are also now sorted according to the anatomical hierarchy rather than alphabetically. This makes scanning the results much simpler because, for example, the brain and all of its substructures for a given Theiler stage are now grouped together. For example, brain is now grouped close to forebrain rather than branchial arch.
THE GENE EXPRESSION NOTEBOOK
GXD has developed The Gene Expression Notebook (GEN), a tool that can be used as a laboratory notebook to store expression data and for electronic submission of expression data to GXD. GEN is implemented in Microsoft Excel and details about it have been described previously (6) . GEN has now been expanded and can store all types of assays currently stored in GXD. The notebook is available at: http:// www.informatics.jax.org/mgihome/GXD/GEN/. We welcome feedback and data submissions. Data submissions will be reviewed by GXD curators and will receive accession numbers that can be cited in publications.
FUTURE DIRECTIONS
GXD will continue to acquire gene expression data through curation of the literature and electronic data submission and to work with large-scale data providers in incorporating their data using bulk-load procedures. In the near future, GXD will be expanded to include microarray expression data. Our work will focus on adding value to array data by integrating them with other types of expression data, and with genomic, genetic and phenotype data for the laboratory mouse. Our Edinburgh collaborators have already begun to map RNA in situ expression data from GXD into the 3D Atlas/graphical gene expression database for mouse development [EMAGE, http:// genex.hgu.mrc.ac.uk/Emage/database/intro.html (28) ]. We will continue to integrate GXD and EMAGE to generate the Mouse Gene Expression Information Resource, which will fully combine text-based and graphical means for storing and analyzing expression data (2) . GXD captures information about probes used in each assay for gene expression. As better sequence representation is achieved by MGI, we will be able to better correlate probe information with other genomic information such as alternative exon usage and protein isoforms. We will continue to develop the integration between expression data and genetic and phenotypic data represented in the MGD by cultivating re®ned links between expression and genotype and by sharing vocabularies such as the anatomical dictionary to describe expression and phenotype data.
USER SUPPORT
GXD provides support to its users through online documentation and a dedicated User Support staff. User support can be contacted by email (mgi-help@informatics.jax.org), by fax (+1 207 288 6132) or by telephone (+1 207 288 6445).
CITING GXD
To reference the database itself, please cite this article. For referring to speci®c GXD data, we suggest the following format:`These data were retrieved from the Gene Expression Database (GXD), Mouse Genome Informatics, The Jackson Laboratory, Bar Harbor, Maine, USA, World Wide Web (http://www.informatics.jax.org)'. [Type in date (month, year) when you retrieved the data cited.]
